Sent By: TRANSKARYOTIC THERAPIES INC; 617 613 4020; May-5-03 4:53PM; Page 2 



Peoteifl Expression mid Purification 21, 251-250 (2001) 

aui:10.l00ti/prHp.2O00.136I, available online at http://www.id ealibrary.com on IDE j^l 



Expression and Characterization of Human Recombinant 
and tt-N-Actylglucosaminidase 

Birgit Weber, 1 John J. Hopwood, 2 and Gouri Yogalingam, 1 

Lymwrntil D'wmatM Research Unit, Department of Chemical Pathology, Women's and Children's Hospital, 
72 King William Road, SA 5006, North Adelaide, Australia 



Keceived April 17, 2000, and in revined form October 17, 2000 



Mucopolysaccharidosis type IIIB (MPS-IIIB, Sanfili- 
ppo type B Syndrome) is a heterosomal, recessive lyso- 
somal storage disorder resulting from a deficiency of 
[alphnl-N-acetylglucosaminidase (NAGLU). To charac- 
terize this enzyme further and evaluate its potential for 
enzyme replacement studies we expressed the NAGLU- 
encoding cDNA in Chinese hamster ovary cells (CHO- 
Kl cells) and purified the recombinant enzyme from 
the medium of stably transfected cells by a two-step 
affinity chromatography. Two isofonne of recombinant 
NAGLU with apparent molecular weights of 89 and 79 
kDa were purified and shown to differ in their glycosyl- 
ation pattern* The catalytic parameters of both forms 
of the recombinant enzyme were indistinguishable 
from each other and similar to those of NAGLU purified 
from various tissues* However, compared to other 
recombinant lysosomal enzymes expressed from CHO- 
Kl cells, the mannose-6-phosphate receptor mediated 
uptake of the secreted form of recombinant NAGLU 
into cultured skin fibroblasts was considerably 
reduced. A small amount of phosphorylated NAGLU 
present in purified enzyme preparations was shown to 
be endocytosed by MPS-IIIB fibroblasts via the man- 
nose-6-phospbate receptor-mediated pathway and 
transported to the lysosomes, where they corrected the 
storage phenotype* Direct metabolic labeling experi- 
ments with Na a ^PO* confirmed that the specific phos- 
phorylation of recombinant NAGLU secreted from 
transfected CHO cells is significantly lower when com- 
pared with a control lysosomal enzyme. These results 
suggest that the use of secreted NAGLU in future 
enzyme and gene replacement therapy protocols will 
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be severely limited due to its small degree of mannose- 

6-ph0Sph0rylation. © 2001 Acad emir Pro** 
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a^-Acetylglucosajninidase (NAGLU, 3 EC 3-2.1.50) 
is one of a number of lysosomal exoenzyrnes involved 
in the degradation of heparan sulfate. A lack of active 
NAGLU results in the lysosomal storage disorder muco- 
polysaccharidosis III type B (MPS-IHB) one of the four 
subtypes of Sanfilippo syndrome. Taken together the 
Sanfilippo subtypes have an incidence of about 1 in 
24,000 births (1). A lower incidence of 1 in 66,000 has 
been reported in Australia (2). Patients present with 
severe, progressive neurodegeneration resulting in 
mental retardation and often death in their teens or 
early twenties (3). First symptoms in profoundly af- 
fected patients include delayed psychomotor and speech 
development often noticed by the age of 2 while in pa- 
tients with delayed onset the rapid loss of social skills, 
like hyperactive and aggressive behavior, is one of the 
first symptoms. The typical facial features that charac- 
terize other MPS disorders axe very mild or absent in 

* Abbreviations used; CHO-KI, Chinese hamster ovary cells; Coona/ 
DMEM, Coon'A Dulbeccofl modified Eagle medium; FCS, fetal calf 
serum; GAA, lysosomal acid oglucosidrt&e; GAG, glyco^ftminoglycan; 
GlcNac-IdOA, 0^a-awUiiudo*2^eoxy-I>-giucopyrano5yl)-(l-3)'[L- 
6*H]idoronic acid; 12S, iduronate-2-8ulfata8e; M6P, mannwe-S-phoa- 
phate; MPB. mannose^-phosphata receptor; MPS-IHB, mucopolysac- 
charidosis IH type B or Sanfilippo syndrome type B; NaAc, sodium 
acetate; NAGLU, a-AT-acetyl^luooaamiaidase; PNGase F t iV-ghioasi- 
dasc Fi'rNAGLU, recombinant cr^acetylglucoflaminidafle; rf4S, re- 
combinant feline ^acetylgalactosamine 4-sulfatase; SDS-PAGE. 
SDS-polyacrylamide gel electrophoresis. 
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Sanfilippo patients and, together with a high rate gf 
false negative results by some testa fur heparan sulfatu- 
ria > diagnosis is often delayed (3). 

NAGLU acts m an exoglycosidase on the nonreduc- 
ing-end of ff-N^acetylglucoaaminide residues of heparan 
sulfate (4) and is one of the three lysosomal enzymes 
involved exclusively in the degradation of this glyco- 
saminoglycan (GAG). Native NAGLU has been purified 
partially (5-8) and to apparent homogeneity (9-11) 
from a number of different tissues. The native enzyme 
purified from human placenta shows an apparent mo- 
lecular weight of 80 kDa for the precursor and 77 kDa 
for the mature form. cDNA clones isolated by different 
groups using peptide sequence information (10, 11) pre- 
dict a molecular mass of 82 kDa (743 amino acids), 
including a signal peptide of 23 amino acids and re- 
vealed seven potential glycosylation sites. From the dif- 
ferences in apparent molecular mass of the native pro- 
Leiii and the mass predicted by the NAGLU amino acid 
sequence, it is estimated that the enzyme carries one 
or two carbohydrate side chains. This probably includes 
the site at residue 272 of the amino acid sequence since 
N-terminal sequencing of a UNBr peptide was blocked 
at this position (10). As the majority of soluble lyso- 
somal enzymes are transported via the mannose-6- 
phosphate receptor (MPR)-mediated pathway (12), at 
least one of the glycosylation sites is expected to be 
carrying a phosphorylated carbohydrate side chain. 
Studies involving other recombinant lysosomal en- 
zymes showed that Chinese hamster ovary (CHO-Kl) 
cells are capable of producing correctly post-tranela- 
tional modified protein which was competent in uptake 
and correction studies (13-16) implying the generation 
of phosphorylated mannose residues- 

The NAGLU gene is located on chromosome 17<f21.1 
and ita structure is characterized (10, 11), which al- 
lowed several studies of the genetic causes of MPS- 
IIIB (11 7 17-20). As expected from the wide clinical 
variability that MPS-IIIB displays, a high degree of 
molecular heterogeneity was discovered recently with 
around 70 different mutations ranging from small 
deletions/insertions to nonsense and missense muta- 
tions identified to date. One of the missense mutations 
(R643C) is clearly associated with the attenuated form 
of MPS-TIIB (20), whereas the effect of a nonpathogenic 
sequence variation (G737R) (20) has not yet been char- 
acterized. 

This study aims to provide a more detailed under- 
standing of the properties of recombinant NAGLU 
(rNAGLU) as a basis for the functional analysis of mu- 
tant NAGLU expressed in cell culture systems or pa- 
tient fibroblasts. The functional data obtained so far 
showed that although the enzymatic properties of 
rNAGLU are comparable to those of the native enzyme 
it appears that the secreted form of the recombinant 
enzyme is phosphoiylated to a much lesser extent than 
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seen with other recombinant lysosomal enzymes. It is 
likely but remains to be proven whether this low level 
of phosphorylation is also true for the secreted form of 
the native enzyme. 

MATERIALS AND METHODS 

Expression of rNAGLU 

The cDNA encoding NAGLU was subcloned into the 
expression vector pcDNA3 (Stratagene) as described 
elsewhere (10). CHO-Kl cells were transfected with 
the construct using the DOTAP transfeetion reagent 
(Boehringer Mannheim) according to the manufactur- 
er's instruction. After transfeetion ceils were grown in 
Ham's F12 medium, 10% (v/v) fetal calf serum (FCS), 
penicillin, and streptomycin sulfate at 100 /ig/mL each 
for 48 h and then incubated in medium containing 750 
/xg/mL G418 sulfate (Geniticin) until resistant colo- 
nies emerged. 

Single eel) clones were selected and 26 separate 
clones tasted for expression of rNAGLU by measuring 
enzyme activity with the fluorogenic substrate. 

Large-Scale rNAGLU Production 

Cytodex 2 microcarrier beads (2 g) were swollen in 
260 mL of PBS for 3 h at 37°C with three changes of 
PBS and then autoclavcd for 15 min at 120°C (wet 
cycle). The beads were then rinsed with sterile growth 
medium (Coons/DMEM, 10% (v/v) PCS, penicillin, and 
streptomycin sulfate at 100 /ng/nil each and 0.1^> 
(w/v) Pluronic F68) and transferred into a Techne stir- 
rer culture flask. The microcarrier beads were inocu- 
lated with seven confluent T75 flasks of the cell clone 
with the highest expression of rNAGLU. Growth me- 
dium (200 mL) was added and the culture incubated 
with a stirrer speed of 20 rpm to achieve an even distri- 
bution of cells on the beads. The cells were allowed to 
attach to the beads for 16 h at low speed. Growth me- 
dium was added to increase tho total volume to 500 
mL and the stirrer speed increased to 30 rpm. After a 
growth phase of 48 to 72 h with daily aerating to allow 
gas exchange th« beads were completely covered with 
cells and the medium was exchanged for production 
medium (Coons/DMEM, without FCS, penicillin, and 
streptomycin sulfate at 100 ^g/mL each, 0.1% (w/v) 
Pluronic F68, and 5 mM NH 4 C1). The glucose concentra- 
tion was monitored daily and the medium replaced 
when glucose fell below 5 mM every 2-3 days. The 
harvested medium contained approximately 2 mg 
rNAGLU/L production medium. 

Purification of rNAGLU 

Production medium was dialyzed against 50 mM Na 
acetate, pH 5.5, and loaded onto a Heparin -Agarose 
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TABLE 1 

Purification of Kecombinaufc NAGLU 





Sp act 


Recovery 


Purification 


Purification at*?p 


(nmol/min/mg) 


(%) 


(fold) 


Dialyzed cell 








culture medium 




100 


1 


Heparin-Agar r>s* 


72.6 


68 


11 


DEAE-Sephacel 








(50 mM NaCl) 


1060 


10 


161 


DEAE-Sephacel 








(75 mM NaCl) 


1057 


8 


ISO 



(Sigma) column equilibrated in the same buffer. After 
washing with Na acetate buffer and Na acetate/50 mM 
NaCl the column was eluted with 75 mM NaCl in Na 
acetate buffer. The eluate was dialyzed against 20 mM 
Tris/HCl, pH 7.5, loaded onto a DEAE Sephacel column, 
washed with 25 mM NaCl in 20 mM Tris/HCl, and then 
eluted with 50 and 75 mM NaCl in 20 mM Tris/HCl, 
respectively. Results of the purification procedure are 
summarized in Table 1. 

SDS-PAGE of the two eluates showed two band* asso- 
ciated with onzyme activity with apparent molecular 
weights of 79 and 89 kDa. The smaller form of rNAGLU 
was eluted predominantly in the 50 mM NaCl fraction, 
whereas the 89-kDa form was enriched in the 75 mM 
NaCl fraction (Fig, 1). 

Enzyme Activity 

Activity of rNAGLU was monitored with the fluoro- 
genie substrate 4-methylumbelliferyl 2-acetamido-2- 
deoxy-a-D-glucopyranoside (21) (Calbiochem) as de- 
scribed (22). Briefly, samples were incubated with 1 
mM substrate in 50 mM Na acetate buffer, pH 4.5, for 
60 min at 37°C before fluorescence was determined. 
For determination of the pH optimum the assay waft 
performed in 100 mM DMG buffer, pH 2.0 to 7.5. 

A 3 H-labeled disaccharide GlcNAc-IdOA substrate, 
with a similar structure to the natural substrate he- 
paran sulfate (23), was also used. The assay was per- 
formed in 100 mM DMG buffer, pH ranging from 3.7 
to 5.6, with 60 pNL GIcNAc-IdQA or in 100 mM DMG, 
pH 4.1, with the substrate concentration ranging from 
180 to 5 /JVL Substrate and product were separated by 
high-voltage electrophoresis on Whatman 3MM paper 
in 50 mM Na acetate, pH 5.5, at 3000 V for 50 min, the 
paper strips were scanned, and radioactivity in the two 
peaks was solubilized in scintillation fluid and counted 
with a standard tritium program. 

Deglycosylation with PNGase F 

Purified rNAGLU (20 /il) containing 2.5 and 3,8 p% 
of protein, respectively, were denatured by incubation 



with 50 fjL 0,1 M /3-mercaptoethanol/0.5% (w/v) SDS 
at 100X for 5 min. Deglycosylation was performed with 
2 U of PNGase F for 15 h at 37*C in 15 mM Tris/ 
HC1, pH 8.0, 20 mM EDTA, 1.25% NP40. The control 
contained IVis buffer instead of PNGase F and was 
incubated under the same conditions. Deglycosylated 
rNAGLU and the controls were precipitated with tri- 
chloroacetic acid, run on SDS-PAGE (24), and stained 
with silver (25). 

Immunization of Rabbits for Polyclonal 
Antisera Production 

Rabbits were immunized using 1 mg of purified 
rNAGLU in five boosts. The preparation contained 576 
fig of the fraction enriched in the 89-kPa form and 424 
tig of the fraction enriched in the 79-kDa form. Antibody 
titers were tested by a standard ELISA procedure. 

Metabolic Labeling of Recombinant Feline N- 
Aec£ylgalactosamine-4~sulfataite and rNAGLU 

G41$-resistant mass cultures of CHO-KI cells over- 
expressing recombinant feline /^-acetylgalactosamine- 
4-sulfatase (rf4S) or rNAGLU were grown to confluence 
in 75 cm 2 flasks in Ham's F12 supplemented with FCS. 
Prior to metabolic labeling two 75 cm 2 flasks of each 
mass-culture were incubated with phosphate-free 
RPMI or cysteine-methioriine-free DMEM (ICN Bio- 
medicals Inc.) .supplemented with L-glutamine and FCS 
for 1 h. Cells were then metabolically labeled with 0.1 
mCi/mL Na 2 a2 PO A or 100 ^Ci/mL EXPRE ^S^S protein 
labeling mix (1175 Ci/mmol, DuPont, NEN) in FCS sup- 
plemented cysteine-methionine-free DMEM for 24 h. 
In some instances the metabolic labeling was performed 
in the presence of 5 inM M6P to prevent reuptake of 



JUtmMNaO 75 mM NaCl 
DF.AE frarfion DF.AE (ractiort 

molecular mail 




FIG. 1. SDS-PACE of rNAGLU purified by km -exchange chrumn- 
tpifrmphy beforw and after deglycoaylation. Fractions enriched in ei- 
ther the or the 89-kDa form were separated by SDS-PAGE 
untreated (outer lanes 1 and 6), after control incubation without 
PNGasoF (lanes 2 and 5) and after incubation with 2 U of PNGaseF 
(lanes 3 and 4). Tho gel waa staintid with silver. 



/: TRANSKARYOTIC THERAPIES INC; 617 613 4020; 



May-5-03 4:55PM; 



Page 5/10 



WEBER, HOPWOOD, AND YGGAUNGAM 



254 

secreted enzymes. The medium which contained se- 
eded Na^PO,- or "S-labelcd recombinant enzymes 
was Ln "harvested and clarified by centrifugation at 
1500 rpm at 4°C for 5 mm. 

Uptake of ^-Labeled rf4S and ^S-Labeled rNAOLU 
by Skin Fibroblasts 

Control skin fibroblast culture* were grown to conflu- 
ence in 75 cm 2 flasks in DMEM supplemented w,th 
FCS. The growth medium was removed and recced 
Jrtth 7 mL uf ^-labeled rf4S clarified medium or S- 
Shd rNAGLU clarified medium (see above) in the 
nresence or absence of 5 »M rnaimosc-6-phosphate 
FM6P) a^d incubated for 43 h. Cells were harvested by 
treatment with trypshvversene, recovered by centrrfu- 
nation (1500c for 5 min), resuspended m 10 mL PBb, 
£5*2 caftrifaged again. The cell P-^^S 
pended in 6 mL of solubilizat,on buffer contour* 
sodium deoxvcholate 0.1% (wM SDb ^5% 
Nmudet P^0) and incubated for 24 h at 4 C Growth 

Xeed for immunoprecipitation (see below). 



Immunoprecipitation T4 „ TtT l 

Prior to immunoprecipitation with rNAGLU poly- 
clonal Jtisera or rf4S polyclonal antisera, growth me- 
dium ll -oluWized cell lysate* w^gjj^d* 

follow. ^ H t^a1SS^5S^ each 
«ATiim (obtained troni CbL LXa.) woa auucu 

S» « solubilized ly«ate »^ K ^ ™\ a ^J 
5? • nvemiaht Pansorbin cells (Calbiochem; 1.5 »W 
tSe ^uinbrated by five washes in 1 mL of^Wi«j- 
Hon buffer by microcentrifugation/resuspension Equ£ 
b°atef Pansorbin cells (140 ^) *™ ^ 
sample, incubated at 4°C for a further 6 h and I then 

*fA* serum (30 «1) (26) or unpunfied rabbit arJN aul,u 
trum (S" fsee above) was added to each superna- 
S^d incubated at 4°C for 24 h. ^rbrn ^ (125 
,/t ^ were added to each sample, incubated at 4 C tor a 
tartoSTh and then aedimented by centnfugafcon. 
TWUete wLh contained the rf4S-antiDody-protem 
I r„mn£es or rNAGLU-antibody-protein A com- 
A complexes oi ■ m ml ^ 0 f solubilization 

bS by mkroccntrifus.tioWrosuap.ns.on once m 1 

via SDS-PAGE and autoradiography. 
I/ptdte of rNAGLU and Conation of GAG Storage 

in MPS-lUB Skin Fibroblasts 

Analysis of GAG storage in culture d 
U1B skL fibroblasts was determined using the mertiod 



j,. kv Warner et at. (27) with the following modifi- 

fS^SuTJoMIB (R297X/R297X homo^ 
got" skin fibroblasts were grown to confluence in 75 
cm* fladu in DMEM a ™£ 0 (4 

shvveraene (CSL Ltd.), ana ?2 K 

containing F12 supplemented with FCb- Alter , 

wMrate. In some groups, Na* "SO.-labeled MPS uid 

rNAGLU in the presence or absence of 5 mM M6K 

Preparation of Celt Lysates 

Skin fibroblasts and CHO-KI cells were harvested 
wi^rvp B h>versone (Gibco-BRL) and washed with 
P B t STysates were prepared by seven . :ycfes of 
freezc-thaw in 0.5 M Nad, 20 mM ^HCl pH 7. 
Growth medium and cell lysates were clanfied ^y cen- 
SfuVaZi Total cellular protein was quantified using 
SStoStad protein assay. ^Hexosamimdase actonty 
^determined by using the fluorogenic substrate, 4- 

pyranoside (28). 



HESULTS AND DISCUSSION 

Purification of Human rNAGLU 

Recombinant NAGLU secreted by * a ™ {e ^f**° m 
KlSTto the presence of NIL, CI was purified from 
fhe ceU dure medium by n *^ 
fcoeraphy using Heparin-Agarose and DEAb bepnacei. 
TlS bSg fnd elution conditions ^f* 1 ^^ 1 *° 
those Ted fur purification of native NAGT.U from hu- 
mTptecenU (10), indicating that tne recombmant en- 
zyme has similar binding properties and 

Y The microcarrier bead system yielded about 1 , 
ine iui crown to confluency on the beads. 

decisive fectorsfor the ^ ^ e same exprcs . 
combinant ^n yme. A construct g ^ ^ 

of recombinant enzyme in transected CHO-K1 cells 
(B. Weber, unpublished observations). 
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TABLE 2 

Catalytic Properties of rNAGLU 









Cat. efficiency 






(pmul/min/mg) 


(KT* IVmin/mg) 


Fluorogenic subatr&to - DSA 


1.07 


4.54 x 10° 




Fluorafjenic substrate + B$A 


5.34 


3.97 x 10' ; 


7.43 


PHJDisaccharide + BSA 


0.0166 


4.4S x 10 4 


26.99 



Note. Details aru giv^n under Materials and Methods auction. A** disaccharide substrate tritium-labeled GIcNAc-IdOA was used. The 
enzyme preparation (75 mM NaCl fraction Fit?. 1) consisted moatly of the precurtit>r form of rNAGLU. Catalytic efficiency is the quotient 
of and K m , 



SDS-PAGE showed two bands of approximately 79 
and 89 kDa, with the 79 kDa form enriched but not 
exclusively eluted by 50 mM NaCl from the DEAE- 
column while the 89 kDa form elated preferably with 
higher salt concentrations (Fig. 1), It had not been possi- 
ble to separate both forms, oven if other matrices were 
used. Previously purified NAGLU had reported molecu- 
lar masses of 82 kDa for enzyme isolated from human 
fibroblasts with precursor and intermediate or mature 
forms ranging from 86 kDa to 77 and 73 kDa (5), 
whereas for NAGLU purified from human liver a size of 
SO kDa was observed (9). NAGLU purified from human 
kidney carcinoma cells had an apparent molecular 
weight of 80 kDa (6). A secreted 86-kDa form was ob- 
served in the medium of those cells (7) and isolated 
from urine (8). 

The two forms of NAGLU, purified from human pla- 
centa with apparent molecular weights of 77 and 80 
kDa (10) were differentially eluted with buffer composi- 
tions similar to the two forms of recombinant enzyme. 
The placenta isoforms represent mature enzyme and 
precursor that differ by 36 amino acids trimmed off the 
N-terminus. Whereas, the two forms of recombinant 
enzyme seem to differ in posttranslational modifica- 
tions of N-glycosylation moieties- Deglycosylation with 
PNGaseF reduced the apparent molecular weight of 
both forms to approximately 70 kDa (Fig. 1), indicating 
that the difference in size of the two rNAGLU forms was 
due to carbohydrate moieties rather than N-terminal 
processing of the NAGLU polypeptide. 

Both fractions were pooled to immunize a rabbit, gen- 
erating a polyclonal antiserum that should be directed 
against both forms of rNAGLU and was used in the 
imrmmoprecipitation experiments. The antiserum was 
also found to recognize precursor, intermediate and ma- 
ture NAGLU forms found in CHO-K1 cell homoge- 
nates (34). 

Enzymatic Properties of rNAGLU 

The two fractions, enriched in either the 79- or the 
89-kDa form of rNAGLU, were treated separately in 
order to test for differences in enzymatic properties. 
Both fractions of rNAGLU had identical pH optima of 



4-6 toward the fluorogenic substrate with a K m of 5.34 
mM and a V mAx of 3 97 x 10 6 pmol/min/mg. Toward a 
3 H-labeled disaccharide substrate the 75 mM fraction, 
which consisted mostly of the 89-kDa secreted form of 
rNAGLU, showed a pH optimum of 4,1, with a K m of 
0.0166 mM and a V mox of 4.48 X 10 4 pmol/min/mg (Table 
2). The pH-optima, obtained for p-nitrophenyl-a-N-ace- 
tylglucosamine, of placental, urinary, and liver NAGLU 
were 4.3, 4,1, and 4.5, respectively (29,30, and 9), indi> 
eating that the pH range is comparable for all sub- 
strates and enzyme sources tested to date. 

It is not clear whether the observed difference in K m 
obtained for NAGLU isolated from placenta tissue (30) 
and rNAGLU (0.55 mM and 5.34 mM, respectively) is 
due to the recombinant enzyme having a lower sub- 
strate affinity, or to the different substrates used to 
measure catalytic activity. The fluorogenic substrate 
was reported to have increased sensitivity over the p* 
nitrophenyl substrate (21) which makes the recombi- 
nant enzyme having a lower affinity the more likely 
explanation. Unlike these artificial substrates, the S H- 
labeled disaccharide substrate resembles the structure 
of natural substrate, heparan sulfate 1 and thus the 
lower K m value of 0.0166 mM is consistent with K m 
values observed for other lysosomal enzymes toward 
their tri- or disaccharide substrates (4, 14). The approxi- 
mately 1000-fold difference between disaccharide sub- 
strate and fluorogenic or p-nitrophenyl substrate if? con- 
sistent with these observations. 



Uptake of^S-Radiolaheled rNAGLU 
by Skin Fibroblasts 

Normal fibroblasts were incubated with 35 S-labeled 
rNAGLU in the absence or presence of 5 inM M6P for 
48 h. Recombinant f4S, another lysosomal enzyme 
known to be efficiently taken up by fibroblasts via a 
mannose-6-phosphate receptor (MPR)-mediated path- 
way, was used as a positive control (26), Cells and me- 
dium were then harvested and immunoprecipitated us- 
ing polyclonal antiserum to either rf4S or rNAGLU. 
Recombinant f4S was secreted from tranafected cells as 
a precursor of a 66-kDa molecule and a 44-kDa mature 
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CELL LYSATE MEDIUM 

4S dS HAG N4C 4$ 4fc NA<i NACJ 



4*. 




89 kDa 



kDa 



kDa 



FIG. 2. Uptake of ^S-l&buled rf4S and *\S-lab«led rNAGLU by akin 
fibroblasts. Control fibroblasts were incubated with **S-labeled rf4S 
(lanea 1-2) or ^S-labeled rNACLU (x*NAG, lmiua 3-4) in the absence 
(lanes 2 and 4) or presence (lanes 1 and 3) of 6 mM M6P for 48 h. Cells 
and medium were then harvested and immanoprtcipitated using 
polyclonal antiserum to recombinant rf4S (lanes 1-2 and 5-6) or 
poly clonal antiserum to rNAGLU (lanes 3-4 and 7-8). Precipitates 
were solubilized, soparatad by SDS-PAGE, and the gel autoradio- 
graphed. 



molecule as described previously (26). Direct a2 P phos- 
phorylation studies have demonstrated only the precur- 
sor form of rf4S to be mannose-6-phosphorylated (31). 
As expected the mature 44-kDa form of rf4S was taken 
up into the cells in the absence of M6P while in the 
presence of M6P the ceil surface MPKs were blocked 
and unable to endocytose the enzyme (Pig. 2). The se- 
creted form of rNAGLU can be immunoprecipitated 
from the medium but appears not to be taken up by 
fibroblasts although the medium contained sufficient 
enzyme to visualize an uptake in the same order of 
magnitude as rf4S. We can exclude that the polyclonal 



antiserum failed to detect the 79-kDa mature form since 
it was able to precipitate intracellular wildtype and 
mutant forms of rNAGLU (34). 

Correction of Storage in NAGLU -Deficient MPS-IIIB 
Skin Fibroblasts 

In order to test whether small amounts of mannose- 
6-pho3phorylated rNAGLU are taken up by MPS-HIB 
fibroblasts and remain undetectable by immunoprecipi- 
tation, experiments to measure the amount of storage 
of GAGs in patient fibroblasts were completed. GAGs 
including heparan sulfate* specifically stored in MPS- 
IIEB fibroblasts, were radiolabeled by incubation of pa- 
tient fibroblasts with Na 2 ^SO^ Conditioned medium 
from a mass culture of CHO-K1 cells expressing 
rNAGLU was placed on the labeled fibroblasts in the 
presence or absence of 6 mM M6P for 48 h. Results 
(not shown) were inconclusive and the experiment was 
repeated allowing uptake for 72 h. The extended chase 
time resulted in uptake of a small amount of rNAGLU 
into the cells (Table 3, column 1) which was sufficient 
to partially correct * B S-labeled GAG storage (Table 3 7 
column 3) while the control enzyme, ^hexosaminidase, 
remained stable. In the presence of 5 mM M6P no cor- 
rection is observed indicating endocytosis of rNAGLU 
by MPBs. 

The M6P dependent uptake of rNAGLU increased the 
intracellular enzyme activity in MPS1II-B fibroblasts to 
about 3% of the activity measured in normal control 
cells but this relatively small amount of enzyme was 
sufficient to reduce the stored GAGs by 75%, This is in 
good agreement with the observation that lem than 
10% of normal activity seem to be sufficient for the 
degradation of lysosomal storage material. Individuals 
homozygous for the arylsulfatase A pseudodeficiency 
allele (32) show arylsulfatase A activities of 8% of nor- 
mal levels but do not develop clinical signs of metachro- 
matic leukodystrophy (33), Although uptake of 
rNAGLU into MPS-IIIB cells was measured by de- 
termining the amount of NAGLU activity present in 



TABLE 3 

Uptake of rNAGLU and Correction of GAG Storage in MPS-IIIB Skin Fibroblast* 



Intracellular NAGLU 
(nmol/h/mg) 



/J-HfcxosafliimdaAo 
(nuiol/min/mg) 



yt S Radioactivity 
<cpm/ing cell protein) 



Normal fibroblasts (cnntroD 
MPS-IIIB fibroblasts (control) 
MPS-IIIB fibroblasts + rNAGLU containing medium 
MPS-IIIB fibroblasts + rNAGLU containing medium 
+ 5mM M(SP 



6.12 ± 0.14 

ND 
0.173 ± 0.05 

ND 



68.12 * 1.19 
108.79 i LIS 
62.79 ± 0.19 

68.8 r. 0.24 



11,975 * 658 
170,634 ± 4846 
42,234 ± 785 

270,291 ± 1172 



Note Normal or MPS-IIIB akin fibroblaats were metabolically labeled with Na* »SO< for 24 h and then incubated with rNAGLU (8.93 
nmol/h/ml T derived from CHO-Kl conditioned medium) in the presence or absence of fi mM MGP for 72 h. Control c«Ub wer^cubated with 
equivalent volumes of medium from nontransfectod CHO-Kl ceils during the 72-h chase period. Cell lyrtUB were assayed for S radioactivity, 
total protein, ^hexosaminidase activity, or NAGLU activity using the fluorogenic substrate. ftesulU arc expressed as the mean (n - 3) - 
SD. ND* not detectable. 
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FIG. 3. Specific phosphorylation of rNAGLU and rf4S «ecreted from 
CHO-Kl cells. G418-r«Mifltant masa-cultures of CHO-Kl cells overex- 
pressiag rNAGLU (rNAG) or rf4S were metabolically labeled with 
Na 4 34 P0 4 or EXPRE 3B S"S protein labeling mix for 24 h in the pres- 
ence of 6 mM MfiP, The medium was then harvested, iuxmunoprecipi- 
tated, and analyzed via SDfvPAGE and autoradiography. 



these cells, the relative amount pf uptake of other lyso- 
somal enzymes may be different for each enzyme and/ 
or cell line. However, the uptake of rNAGLU appears 
to bo much lower than observed for acid a-glucosidase 
and iduronatc-2-sulfatase (13> 15), Taking into account 
the shorter incubation times and that the uptake of 
these two enzymes was not dose-dependent, implying 
that the MPR were saturated (13), the difference is 
even more striking. 

Evidence for Weak Phospttorylation of rNAGLU 

The inability to immunoprecipitate rNAGLU taken 
up by cells (Fig, 2) and the relatively small amount of 
NAGLU activity able to enter deficient cells via MPR- 
mediated pathways (Table 2) suggests that the majority 
of the CHO-Kl secreted rNAGLU is not phosphory- 
lated. 

Tb confirm this * 2 P-labeled and 86 S-labeled NAGLU 
were immunoprecipitated and analyzed via SDS-PAGE 
and autoradiography. The specific phosphorylation of 
recombinant NAGLU secreted form transfected CHO 
cells was significantly reduced when compared with 
rf4S (Fig. 3). Nontransfected control CHO-Kl cells con- 
tained no labeled immunoprecipitated NAGLU (results 
not shown), suggesting that the NAGLU enzyme de- 
tected by immunoprecipitation corresponds to recombi- 
nantly expressed human enzyme and not to endogenous 
Chinese hamster NAGLU. 

The observation that NAGLU activity is elevated in 
the plasma of I-cell patients above that found in normal 
individuals (34), shows that native intracellular 
NAGLU is targeted to the lysosome via MPR-mediated 



pathways and is therefore normally phosphorylated. 
The expression of rNAGLU in MPSIIIB skin fibroblasts 
and the resulting corrections of the enzymatic And bio- 
chemical storage phenotypes suggests that the intracel- 
lular form of rNAGLU is also normally phosphorylated. 

It is unlikely that the observed weak phosphorylation 
of CHO-Kl secreted rNAGLU is due to the cell system 
used to produce the recombinant enzyme since other 
lysosomal enzymes were successfully overexpressed in 
these cells and fully functional in uptake experiments 
proving their phosphorylation (13-16, 26). A mutation 
in the expression vector destroying a crucial glycosyla- 
te site was excluded by sequencing PCR products am- 
plified from DNA isolated from transfected CHO-Kl 
cells. Furthermore, the nucleotide sequence of the 
NAGLU cDNA expressed in this study was obtained 
independently from two different cDNA libraries repre- 
senting placenta and testes mRNA (10, 11). 

Therefore the weak phosphorylation appears to be a 
characteristic of the enzyme itself. At present it is nut 
clear whether only a small fraction of newly synthesized 
rNAGLU is phosphorylated posttranslationally in the 
first place or whether secreted enzyme is prone to very 
rapid dephosphorylation. Although the glycosylation 
pattern of rNAGLU seems to be slightly different when 
compared to enzyme purified from placenta other char- 
acteristics are identical. Since the glycosylation is cru- 
cial for the phosphorylation we cannot exclude that the 
altered pattern is causing the weak phosphorylation or 
rapid dephosphorylation of the recombinant enzyme 
while the native enzyme is phosphorylated to the same 
extend as other lysosomal enzymes. In this case expres- 
sion of rNAGLU in a different cell system might im- 
prove the yield of phosphorylated enzyme. However, 
weak phosphorylation of secreted rNAGLU expressed 
in HeLa ceils and MPSIIIB skin fibroblasts has also 
been observed (34), (Yogalingam, unpublished results) 
further suggesting that the poor phosphorylation is 
NAGLU-specific rather than expression system-spe- 
cific. 

In addition, recombinant iduronate-2-sulfatase 
shows no impairment of phosphorylation (13) while 
overglycosylated and recognition by the enzyme trans- 
ferring the phosphate residue onto the carbohydrate 
side chain, UDP-N-acetylglucosainineiglycoprotein 
Macetylglucosaminc-l-phoaphotransferase, is depen- 
dent of the amino acid sequence and protein conforma- 
tion (35-38). The conformation of rNAGLU, however, 
seems to be largely unaffected since important features 
like enzymatic activity and pH optimum are compara- 
ble to those of the native enzyme. Since the exchange 
of crucial amino acids influences the rate of phosphory- 
lation significantly (35), the NAGLU sequence may con- 
tain some amino acids that inhibit efficient phosphory- 
lation. In this case the phosphorylated portion would 
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be transpoxted U> the lyaosomes while the nonphosphor- 
ylated NAGLU fraction is secreted. 

Either way, the small degree of phosphorylation that 
secreted rNAGLU exhibits limits its use considerably 
-since enzyme replacement trials in cells, transgenic ani- 
mals, or natural animal models for MPSHIB require the 
enzyme to be transported via MPR-mediated pathways. 
Unless alternative efficient delivery systems for un- 
phosphorylated lysosomal enzymes can be utilized, 
rNAGLU secreted from CHO-K1 cells is of limited use, 
due to its small degree of phosphorylation. 
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